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Figure S1| Future trends of BC and dust deposition from 2015-2100 over the Northern Hemisphere 17 
(NH). a,b Spatial pattern of the relative Sen’s slopes of BC deposition under SSP126 and SSP585. c,d 18 
Spatial pattern of the relative Sen’s slopes of dust deposition under SSP126 and SSP585. Here, the 19 
ensemble mean of seven CMIP6 model outputs from December to May are used to calculate the Sen’s 20 
slope. The relative Sen’s slope is calculated as the ratio of Sen’s slope to the historical (1995-2015) 21 
average deposition rates. In each panel, grids without significant increasing or decreasing trends (p>0.05 22 
in the MK test) or where SWE is smaller than 5 mm are masked.  23 



 24 

Figure S2| Spatial patterns of historical and future surface concentrations of BC and dust in the top 25 
snow layer over the NH. a,d Historical (1995-2014) and b,c,e,f future (2081-2100) spatial patterns of the 26 
surface concentration of BC and dust under SSP126 and SSP585. Historical and future surface 27 
concentrations are calculated based on ELM outputs for December to May. In each panel, the grids where 28 
SWE is smaller than 5 mm are masked. 29 
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Figure S3| Spatial patterns of historical and future snow albedo reduction caused by BC, dust, and 33 
LAPs (the sum of BC and dust) over the NH. a,d,g Historical (1995-2014) and b,c,e,f,h,i future (2081-34 
2100) spatial patterns of RFs under SSP126 and SSP585. Historical and future snow albedo reductions 35 
are calculated based on ELM outputs for December to May. In each panel, grids where SWE is smaller 36 
than 5 mm are masked. 37 
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Figure S4| Time series of average surface radiative forcings (RF) from December to May caused by 40 
(a) BC, (b) dust, and (c) LAP (the sum of BC and dust) over snow-covered Tibetan Plateau (TP) 41 
regions (where the average SWE exceeds 5 mm in the historical period of 1995-2014) under SSP126 42 
and SSP585. For each panel, the solid and dotted lines represent future simulations with and without 43 
future LAP change, with respect to the subscript of LAPfuture and LAPhist seen in the legend. 44 
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Figure S5| Spatial differences between future (2081-2100) and historical (1995-2014) SWE in April 47 
under (a) SSP126 and (b) SSP585. Grids where the average SWE exceeds 5 mm in the historical period 48 
of 1995-2014 are masked. 49 
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 51 

Figure S6| Spatial distributions of the contribution (δLAP, see Methods for its definition) of future 52 
LAP change to mitigating snowpack loss under (a) SSP126 and (b) SSP585. Grids where the average 53 
SWE exceeds 5 mm in the historical period of 1995-2014 are masked. 54 
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Figure S7| Time Series of (a,b) winter precipitation, (c,d) winter air temperature, and (e,f) April 57 
SWE over snow-covered TP regions (where the average SWE exceeds 5 mm in the historical period 58 
of 1995-2014) under (a,c,e)SSP126 and (b,d,f) SSP585. For each panel, the legend ‘CESM2/ELM’ 59 
represents either CESM2 data (precipitation or air temperature) or ELM simulated SWE; ‘Mean of 60 
CMIP6’ represents the ensemble mean of the seven CMIP6 models (Table S1) used in the study; 61 
‘CMIP6’ represents each CMIP6 model used in the study; and the vertical dashed line indicates the year 62 
2015 when the SSP scenarios start. 63 
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Table S1| Historical and future surface radiative forcings (RFs) from December to May induced by 65 
BC, dust, and BC+dust (i.e., the sum of BC and dust) over the snow-covered regions (where the 66 
average SWE exceeds 5 mm in the historical period of 1995-2014) in the NH and TP in ELM 67 
control simulations. 68 

LAP NH TP 
Historical SSP126 SSP585 Historical SSP126 SSP585 

BC 0.79 0.13 0.17 3.16 0.57 0.61 
Dust 0.37 0.49 0.28 1.24 1.58 0.69 
BC+dust 1.3 0.65 0.49 5.13 2.39 1.47 
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Table S2| Details of seven Earth system models in the CMIP6 experiments used in the study. 71 

Model Name Institute/Center Original spatial 
resolution 
(longitude ×  
latitude) 

Reference 

CanESM5 Canadian Centre for 
Climate Modelling 
and Analysis, 
Canada 

2.8° × 2.8° Swart et al.1 

CESM2 National Center for 
Atmospheric 
Research, USA 

1.25° × 0.94° Danabasoglu et al.2 

GFDL-ESM4 Geophysical Fluid 
Dynamics 
Laboratory, USA 

1.25° × 1.0° Held et al.3 

INM-CM5-0 Institute of 
Numerical 
Mathematics of the 
Russian Academy 
of Sciences, Russia 

2.0° × 1.5° Volodin et al.4 

MIROC6 Japanese modeling 
community, Japan 

1.4° × 1.4° Tatebe et al.5 

MRI-ESM2-0 Meteorological 
Research Institute, 
Japan 

1.9° × 1.9° Yukimoto et al.6 

NorESM2-LM Norwegian Climate 
Center, Norway 

2.5° × 1.9° Seland et al.7 

 72 

  73 



 74 

Table S3| ELM-based experiments with different model configurations. TOP and PP represent the 75 
shortwave radiation parameterizations with and without considering the topographic effects on solar 76 
radiation. MSE represents the melt-water scavenging efficiency of hydrophilic BC. 77 

Case ID Topographic 
effects on 
solar 
radiation 

Snow grain 
shape 

Mixing state 
of 
Hydrophilic-
snow 

Mixing 
state of 
dust-snow 

Land use 
and land 
cover 
change 

MSE 

Control TOP Spherical Internal External Yes 0.2 
PP PP Spherical Internal External Yes 0.2 
Koch TOP Koch 

Snowflake 
Internal External Yes 0.2 

extBC TOP Spherical External External Yes 0.2 
intDust TOP Spherical External Internal Yes 0.2 
noLULCC TOP Spherical Internal External No 0.2 
MSE_high TOP Spherical Internal External Yes 2 
MSE_low TOP Spherical Internal External Yes 0.02 
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